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Summary
Introduction: Estimation of decalciﬁcation is a vital tool to discern bone health. Different tech-
niques are used for its quantitative measurement, e.g. DEXA, QCT & QUS. All these techniques,
although noninvasive, suffer from limitations such as radiation exposure and inaccurate val-
ues. Recently, ﬁber optic techniques are fast emerging for medical applications owing to their
various attractive features like immunity to EMI/RFI, geometric versatility, chemical inertness,
etc.
Material and methods: The effect of decalciﬁcation on strain response of a goat tibia was
investigated in vitro using ﬁber Bragg grating (FBG) sensing technique. The bone was strained by
using three-point bending technique and corresponding Bragg wavelength shifts were recorded.
Two similar bone samples from the same animal were taken and one was partially decalciﬁed.
Strain response of decalciﬁed and untreated bone was taken concurrently to monitor the effects
of calcium loss and that of degradation with time.
Results and conclusion: The strain generated for same stress increased with greater degree
of decalciﬁcation and a steep increase occurred after 2 g calcium loss, indicating the onset
of damage. The strain response, therefore gives a direct indication of the degree of calcium
present in the bone.
Level of evidence: Level III.
© 2010 Elsevier Masson SAS. All rights reserved.∗ Corresponding author. Tel.: +0091 172 2659951;
ax: +0091 172 2659951/2657082/267.
E-mail address: vandanamishra66@yahoo.com (V. Mishra).
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ations [1] due to their well-known intrinsic properties such
s small size (thickness less than that of standard surgical
uture), biocompatibility, non-toxicity, immunity to electro-
served.
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aFigure 1 Schematic of the ﬁber Bragg grating and its trans-
mission spectrum.
magnetic and radio frequency radiations as well as chemical
inertness. As they are intrinsically safe for the patient, they
can be used for in vivo measurements and can be left in their
position for repeated or continuous monitoring. These quali-
ties allow them to be safely used without any interference in
a clinical setup. Amongst various ﬁber-sensing technologies,
ﬁber Bragg grating (FBG) are intrinsic ﬁber devices, which
function by controlling the properties of light propagating in
a photosensitive ﬁber core. This technology is fast emerging
because it offers all the features of optical ﬁbers with some
added advantages as well, for example, self-referencing as
the information is wavelength encoded and ease of multi-
plexing facilitating distributed sensing [2]. In a ﬁber grating
there are no ‘‘lines’’ or ‘‘grooves’’ etched on the surface.
Instead, they are uniformly spaced points in a ﬁber core
where the refractive index has been raised from that of the
rest of the core by illuminating it with UV light as shown
schematically in Fig. 1. If light from a broadband source
is transmitted through such a ﬁber, one particular wave-
length is scattered and will be missing from the transmission
spectrum. The potential of FBGs as strain and temperature
sensors array in various concrete and composite structures
for health monitoring had been established much earlier
[3—6], but in the biomedical arena this technology is still
under research and development stage in spite of the fact
that their multiparameter and minimally invasive sensing
capabilities make them highly suitable for medical appli-
cations.
For in vivo applications, FBGs have an edge over conven-
tional gauges because they have smaller risk for infection
and can also be used even on curved surface or in loca-
tions where the use of conventional gauge is technically
and medically not feasible. For example, conventional elec-
trical strain gauges (ESGs), considered gold standard for
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train measurement, consist of metallic parts and are dif-
cult to adhere on the bone surface. Besides, working of
n ESG depends upon measuring electric resistance that
aries with applied strain and so it is not suitable in strong
lectric and magnetic ﬁeld environment associated with
edical appliances. Moreover, they cannot be made com-
letely biocompatible. Various uses of FBGs as temperature
nd distributed pressure sensor gauges have been explored
n the ﬁeld of medicine [7—9]. An FBG strain sensor has
een proposed by a Brazilian group for monitoring ventila-
ory movements for patients in ICU [10]. Use of FBG sensors
n dental biomechanics had also been investigated earlier
11]. An embedded array of FBGs can be used for pressure
apping at different orthopedic joints. The researchers at
anyang Technological University, Singapore have reported
n FBG based sensor in instrumented tibial spacer to cor-
ect misalignment during total knee replacement surgery.
he sensor constitutes an FBG array embedded in ﬁber-
einforced composite [12]. Recently some studies on the
ossible use of FBG as strain gauge in bones have been under-
aken. Although in vivo strain measurements in human is
ot very common, the researchers at Hadassah University
ospital, Israel have reported the use of instrumented bone
taples made of electrical strain gages in some volunteers
or the same [13—15]. Talaia et al. [16] have ﬁrst reported
he use of FBG sensor array to study strains in fracture ﬁxa-
ion of synthetic femur. Fresvig & coworkers have validated
he use of FBG sensors in place of ESGs to measure deforma-
ion in human cadaver femur bone specimen under in vitro
oading condition [17]. The present study takes these con-
epts further by proposing the use of FBG sensors in place
f instrumented bone staples to evaluate strain for assess-
ent of mineral loss of a goat bone sample through in vitro
easurements.
Calcium is the most important mineral in body and decal-
iﬁcation can change the mechanical integrity of the bones.
he extent of decalciﬁcation is conventionally assessed
y bone mass density (BMD) measurement and compar-
ng it with that of a normal healthy sample. Frequently
sed techniques for densitometry include dual energy X-ray
bsorptiometry (DEXA), quantitative computer tomography
QCT) and quantitative ultrasound assessment (QUS). All
hese techniques, although noninvasive, suffer from various
imitations such as radiation exposure, inaccurate values,
.g. they may be falsely elevated in the presence of
xtensive degenerative change, aortic calciﬁcation, or ver-
ebral compression fractures, presence of spinal rods or
ip replacements [18]. Moreover, corrective measures are
eeded for difference in age, gender, ethnicity, height and
eight from patient to patient. In the present experimen-
al investigation, FBG based sensing technique was explored
or this assessment by monitoring changes in the mechanical
oading properties of bone through in vitro strain measure-
ents of chemically decalciﬁed sample with respect to that
f untreated one. In this technique, there is no radiation
xposure involved and the possibility of error is minimized
s it gives self-referenced values. Additionally, since FBGs
an detect microstrain values, it is possible to detect decal-
iﬁcation just at the onset of the damage and thereby helps
n advance alarming of bone degeneration. The objective
f the present work was to establish an FBG based method
or monitoring various degrees of decalciﬁcation which has
6 V. Mishra et al.
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[22] for 2 hours (treatment 1); it was then removed and
washed thoroughly with double distilled water. The used
chelating solution was analyzed to detect the presence
of calcium and other minerals. Strain investigations were48
ot been reported till date to the best of our knowledge.
his was accomplished by using FBG technology to detect
ecalciﬁcation by monitoring strain response of chemically
reated and untreated bone under same conditions.
orking principle
hen a light wave enters a medium with varying refrac-
ive indices, it undergoes minute reﬂections from every
nterface. If all the individual reﬂections are in phase, con-
tructive interference will take place between reﬂected
aves leading to strong reﬂection at a particular wavelength
iven by Bragg equation,
B = 2n
where B is reﬂected Bragg wavelength, n is the effec-
ive refractive index of the core and  is the pitch of the
rating. Therefore, when light from a broadband source is
aunched in an FBG, the spectral component deﬁned by
he above equation is missing from the transmitted spec-
rum (Fig. 1). Bragg wavelength is shifted if the effective
efractive index or the grating periodicity is changed due
o some perturbation; in fact both these parameters are
irectly inﬂuenced by strain and ambient temperature with
he associated wavelength shift given as,
B = 2
[

∂n
∂l
+ n∂
∂l
]
l + 2
[

∂n
∂T
+ n∂
∂T
]
T
where l is the change in grating length due to strain and
T is the change in ambient temperature. The ﬁrst term
n the RHS gives strain dependence while the second term
ives temperature dependence of the Bragg wavelength. A
tandard FBG with Bragg wavelength ∼ 1550 nm has a strain
ensitivity of 1.2 pm/ at constant temperature and tem-
erature sensitivity of 12 pm/◦C at zero strain [2,5].
To test the mechanical strength of a bone sample it is very
mportant to simulate as closely as possible the straining
ctions taking place in the living beings in real-life situa-
ions. There are four types of straining actions possible
amely, axial compression, axial tension, bending and twist-
ng. Of these four types, bending test was undertaken in this
nvestigation because it is the action to which bone is nor-
ally subjected either by muscular pull, by the weight of the
ody or by accidental violence [19]. Also, bending is a con-
enient method of applying a large mechanical load which
ives an easily observable deformation or strain.
aterials and methods
or this investigation, two FBGs were designed and fabri-
ated by exposing the core of a photosensitive ﬁber (Stocker
ale Inc.) to intense UV light from a KrF excimer laser at
48 nm through a phase mask of period 1060 nm [20]. The
ragg wavelengths of these FBGs were 1551.5 and 1550.8
nd lengths were 1 cm each. Two tibia bone samples were
aken from same animal. They were cleaned and surface
repared for attaching FBG sensors. The sensor was directly
onded onto the surface at the midpoint of the bone shaft,Figure 2 Schematic of the experimental setup.
hich is the most vulnerable point, using standard cynoacry-
ate adhesive, known to work well with body tissues [21]
nd cured properly. One sample was decalciﬁed in steps
hile the other was kept in saline solution for a compar-
tive study. Both the samples were kept in saline solution
n the refrigerator when not in use. For three-point bending
est, a mechanical setup was established in a conﬁguration
imilar to that reported by Bell et al. [19]. The bone was
eld and ﬁxed in a pair of identical V-grooves as represented
chematically in Fig. 2, so that the position of the sensor and
he point of load application remain unchanged throughout
he experiment. Fig. 3 is the photograph of the actual setup
sed in the investigation. The samples was stressed by apply-
ng increasing load from 100 g to 4 kg and the corresponding
ragg wavelength shift was monitored using an interrogator
Si 425, Micron optics). Strain values were calculated from
he Bragg wavelength shift using the standard calibration
actor.
One of the bone samples was then removed from the
roove and soaked in 5% calcium chelating solution (CCS)Figure 3 Photograph of the experimental setup.
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repeated for the treated sample as well as untreated sam-
ple, carefully reproducing the same arrangement of sensor
as well as of load. In further treatments, the same procedure
was repeated with increased soaking time, i.e. the sample
was soaked for 3, 4, 7, 10 14, 16 and 18 hrs in that order,
after which the sensor got damaged. The strain response
of untreated bone was repeated each time side-by-side for
comparison and to monitor the effect of time. The whole
experimental procedure was spanned through a time period
of 9 days, after which both the samples were analyzed using
conventional DEXA technique to validate decalciﬁcation pro-
cess as well as to evaluate total mineral loss.
Results
The strain response of the untreated bone remained largely
unchanged throughout the time period of experiment, i.e.
9 days (Fig. 4). An average value of 76.2 microstrain per
kg with a variation of ± 4.75 was observed. This slight
variation can be attributed to the relative dryness of the
sample at the time of strain measurement. For the treated
bone, the strain response increased from the control value
of 57.5 microstrains per kg with increasing decalciﬁca-
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Table 1 Comparison of mechanical properties of untreated and t
Untreated bone Treated bone
Strain grad.
(/kg)
Weight
(g)
Strain grad.
(/kg)
Day 1/No Treatment 78.6 112.93 57.50
Day 2/Treatment 1 75.0 109.06 71.66
Day 3/Treatment 2 80.0 108.13 83.33
Day 4/Treatment 3 77.5 106.81 86.40
Day 5/Treatment 4 77.2 105.99 93.07
Day 6/Treatment 5 72.8 105.95 91.10
Day 7/Treatment 6 66.1 105.56 220.60
Day 8/Treatment 7 76.1 105.37 921.9
Day 9/Treatment 8 82. 8 105.36 1309.2igure 5 DEXA results of untreated and treated bone.
ion. There was no measurable change in the dimensions
length, diameter) of both the samples, while the weight
f the decalciﬁed sample was reduced more with each
reatment as compared to the normal bone as shown in
able 1.
After completion of the experiment, weight of untreated
one was reduced by 7.5 g (6.7%) while that of treated bone
as reduced by 29 g. If 6.7% weight loss due to time and
ther factors such as moisture loss is taken into account,
he weight loss due to demineralization is 21.6 g. Analysis of
he chelating solutions after each decalciﬁcation treatment
ave cumulative mineral loss of ∼21.7 g which matches well
ith the bone-weight loss. According to DEXA reports total
ineral loss of the sample is close to 17.7 g, assuming both
he samples have similar mineral composition.
iscussionhe difference in DEXA value and the value obtained exper-
mentally may be because of limited bone-area exposed to
EXA, as evident from Fig. 5, which shows the DEXA images
nd value of bone mineral content (BMC) values for both the
amples after the experiment. Calcium loss in each case was
reated bone.
Weight
(g)
Cumulative Ca
loss (g)
Cumulative mineral
loss (g)
109.38
104.85 0.3906 2.7781
102.12 0.7080 4.9696
103.5 1.0678 7.9918
97.77 1.4062 10.5984
88.30 1.8671 14.638
89.20 2.2682 17.925
83.30 2.6094 20.6057
80.38 2.7840 21.7025
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Figure 6 Strain response of
assessed by chromatographic analysis of the corresponding
CCS’.
As for treated bone, after chemical treatment, the strain
value for the same load increased. This increase became
higher with more decalciﬁcation (Fig. 6). Strain per unit load
or strain gradient is reﬂection of elastic property of mate-
rials as elasticity is inversely proportional to strain, thus
more mineral loss results in lowering the stiffness of the
bone. Strain was found to increase for the same load as the
degree of bone decalciﬁcation increased by recurring treat-
ments. Strain gradient was calculated using Figs. 5 and 6. As
shown in the Fig. 7 up to 2 g of cumulative calcium reduction
this increase was almost linear after that a steep and non-
Figure 7 Comparison of strain response of treated and
untreated bone.
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inear change was observed. It is obvious that this amount
f calcium loss is threshold for bone damage; a slight load
an result in very large strain. For example, calcium loss of
ven 0.3906 g (treatment 1) resulted in 1.3 times/24% more
train for same load and a calcium loss of 1 g resulted in 50%
ncrease in strain. As the calcium loss was more than 2 g,
he strain increase was close to 300% and after treatment
when calcium loss was 2.78 g the strain increase reached
ore than 2000% i.e. 22 times more strain as compared to
train before decalciﬁcation.
This indicates that the modulus of elasticity or stiffness of
he sample was decreased due to decalciﬁcation giving rise
o reduced bone strength. It was also observed that, when
he load was removed in case of untreated bone, it attained
ts original position immediately while for the treated bone
ample; the restoration time was noticeably longer, increas-
ng with the level of decalciﬁcation. After treatment 6, when
alcium loss reached 2 g, the restoration time was 28min
hile after treatment 7, it was close to 6 hrs and ﬁnally
fter next treatment, the bone got deformed permanently
uring strain measurement and the sensor got damaged.
ince elasticity decreased considerably because of decalci-
cation, the treated sample started showing more and more
lastic behavior for a lower stress (load) and after treatment
, it was completely plastic.
It is possible to measure strain less than ﬁve microstrains
ccurately using this sensing technique, which can be indica-
ive of the onset of decalciﬁcation. Since the experiments
ere performed in laboratory, ambient temperature was
onstant; there was no need for temperature compensation.
evertheless, for real implementation of these sensors, this
ross-sensitivity can be avoided using suitable compensat-
ng technique [23,24]. It is to be mentioned here that as
one is not an isotropic material, for the assessment of
ts real mechanical competence with respect to applied
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load, measurement of elastic properties at multiple direc-
tions and at various locations is necessary. However, in the
present investigation, the focus was to monitor the effect
of decalciﬁcation on the elastic properties of bone and
the strain response was monitored at a particular location
under the same experimental conditions. The aim of this
work was not to offer a comprehensive description of the
changes in mechanical properties of the bone but to evalu-
ate if this FBG sensor technology can be used effectively
to determine changes in same due to various degrees of
decalciﬁcation and to predict if these sensors have a role in
such estimation carried out by biomedicine experts. Exper-
iments were performed for in vitro measurements but it
can be easily adapted for in vivo measurements as well
with some advancements and innovative modiﬁcations as
per requirement especially for athletes, military persons
and astronauts. The small size of ﬁber can be utilized to
make strain staples much smaller then the existing ones
[13—15] so that it can be implanted using minimally invasive
surgical method, or, as this technology is still developing it
may advance into a noninvasive method in the future.
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